Superalloys are metallic alloys used for high temperature applications such as encountered in the aircraft industry and where resistance to deformation is a primary requirement. Alloy 718 and waspaloy are few examples of Nickel-base superalloys that resist deformation at elevated temperatures and are therefore difficult to hot work. The major hotworking operations are forging, extrusion, and rolling. In the case of rolling and forging, the alloys might undergo multiple deformations in several passes associated with or without reheats between deformations. For a given composition of alloy, the high temperature flow stress is influenced to a large extent by the grain size of the microstructure. In the case of rolling, the correct working forces, which relate to gauge and shape control as well as to power requirements, can be estimated accurately only if the microstructure relevant to the specific pass of rolling is known. In addition, the microstructure present at the end of the rolling and cooling operations controls the product properties. Coarse grains (22 µm -90 µm) favor creep strength and crack-growth resistance while a fine grain structure (3 µm -11 µm) favors improved low-cycle fatigue life and tensile yield strength. Control of grain size is an increasingly important characteristic in any hot-working. The narrow temperature range for hot working of Nickel-base superalloys makes the grain size control more difficult. For example, Alloy 718 is hot worked between 980
Modeling the dynamic microstructural events is important in designing the rolling process. Tremendous amount of time and effort is needed in carrying out experiments and establishing the constitutive models for the microstructural events. In addition, industrial trials are expensive, difficult to control, and are necessarily constrained within the capabilities of the existing plant. Laboratory simulation tests are unable to reproduce all the conditions of industrial multi-pass rolling. Therefore, numerical methods are resorted to because of the complexity of the variables of industrial multipass rolling. One such popular numerical technique, Finite Element(FE) Method can predict process variables such as strain, strain rate and temperature for the deformation process. In general, microstructural modeling relates those process variables to microstructural evolution. During microstructural modeling, constitutive equations describing the microstructural evolutions are developed using experiments. Then, the microstructural constitutive equations are implemented in any FE analysis package.
Microstructural Models:
During hotworking, superalloys undergo microscopic and mesoscopic events such as dynamic (DRX), metadynamic (MDRX) recrystallizations and recovery (REC) depending on the temperature, strain rate and retained strain. DRX occurs during the actual deformation, when the equivalent retained strain exceeds a certain critical strain. During MDRX, the partially recrystallized grain structure observed right after deformation transforms to a more fully recrystallized structure. It takes place by the growth of recrystallization nuclei formed during DRX. MDRX involves imposed strains greater than the critical strain. A fine-grained structure is generated primarily during DRX and MDRX. Microstructure modeling predicts the recrystallized average grain size and the volume fraction recrystallized at the end of a forming process. During the cooling or heat treatment process, grain growth is calculated on an average sense. Empirical relationships (G. Shen, Ph.D. Dissertation 1994) between the grain size from various microstructural processes and the macroscopic variables such as temperature (T ), effective strain (ε) and strain rate (ε) are developed. The commonly used equations for grain size developed during DRX, MDRX and REC are listed below.
• Dynamically recrystallized grain size:
• Metadynamically recrystallized grain size:
• Statically recovered grain growth:
Here a, b, c, d, g, h, m, and p are empirically evaluated constants from experiments using regression analysis and d 0 is the initial grain size. Q drx , Q mdrx , and Q rec are the activation energies associated with DRX, MDRX, and REC processes respectively. R is the universal gas constant and t is the time in seconds. The other parameter that is of interest is the recrystallized fraction (X) for the above mentioned events based on Avrami equations of the following form,
depending on the type of recrystallization (ε for DRX and t for MDRX). The microstructure is evaluated at each node or Gauss quadrature point from the thermomechanical histories predicted by the finite element analysis of the multi-pass rolling problem.
Finite Element Analysis:
The multi-pass rolling considered in this work is simulated using RAWHIDE, which is a custom-built FE code for modeling three-dimensional shape rolling problems. In this code, the material behavior is modeled as that of an incompressible, non-Newtonian fluid (Thompson, et al., NUMIFORM 2001) . The governing momentum and energy balance equations are solved to find the velocity components and temperature at each node in the three-dimensional FE mesh while satisfying the incompressibility constraint simultaneously. The three-dimensional element considered for the analysis is the commonly used brick element (tri-linear three-dimensional element). The incompressibility constraint is enforced in an average sense, by an iterative penalty method. The viscosity is a function of temperature, effective strain rate and effective strain. The FE mesh generation can be summarized as follows. The control volume considered in the analysis is divided into a number of equi-sized slices. Initially, a two-dimensional mesh using quadrilaterals (see Figure 1(a) ) is generated. By specifying the appropriate connectivity between the nodes of cross-sectional elements in any given slice, the three-dimensional mesh is created (see Figure 1(b) ). The above mentioned formulation has been successfully used for a four stand multi-pass rolling. Some of the output variables from RAWHIDE include the temperature, effective strain, effective strain rate, axial and effective stresses and pressure. RAWHIDE is numerically efficient, fast and can be used in designing rolling schedules and analyzing process anomalies. However, a typical multi-pass rolling process consists of as many as 26 stands and as the workpiece passes through these stands, the material deforms significantly and consequently, mesh distortion becomes progressively severe (see Figure 2). The original algorithm does not have remeshing capabilities. Therefore, in the current work, a mesh re-zoning algorithm is developed to enable microstructure modeling beyond four stands. Mesh re-zoning is a collective term describing remeshing and transfer of data from the original distorted mesh to the newly created mesh from remeshing. The mesh re-zoning algorithm proposed in this work consists of three steps: (1) Fit the outer surface with an algebraic curve.
(2) Re-define the mesh by keeping the same number of elements. (3) Interpolate the data from previous mesh to new mesh using an accurate and efficient algorithm (Crawford, et al., Int. J. Num. Meth. in Eng., 28, 1989) .
The first step is needed to restore the bar curvature (see Figure 2) . The area change after this redefinition of outer surface is observed to be very small. Since the boundary after this redefinition has an algebraic form, the nodes in the new mesh can be easily found. In order to retain the efficiency and simplicity of the original solution algorithm, the number of nodes (and nodal connectivity) must remain the same before and after remeshing.
Step 2 ensures that this requirement is satisfied.
Step 3 ensures that the data transfer from old to new mesh does not lead to significant errors or computational cost.
The current work primarily aims to predict the microstructural evolution during multi-pass rolling, while the existing empirical models for the microstructure prediction were developed from forging analysis. However, the recrystallization events are very similar for forging and rolling, and the only complication in the case of rolling is that the material deformation occurs continuously under the rolls. Therefore, the evolution of grain size needs to be captured at every deformation step. The average grain size can be found from recrystallization kinetics alone and need not take into account the precipitation of phases such as γ , γ and δ. Modeling this complex precipitation is difficult and requires a more detailed understanding, than is presently available. The approach used for microstructure modeling is represented graphically in Figure 3(a) . First, the microstructure entering a pass must be defined. This is represented by S 0 , relating to the recrystallized grain structure (size, volume fraction) of the matrix and by S 0 , relating to the strained grain structure (size, volume fraction, residual strain).
In multi-pass rolling, the kinetics of the static structural changes plays a dominant role. The control volume considered (see Figure 3 (b)) in RAWHIDE will have DRX and MDRX during the pass happening while the interpass between two control volumes will have either MDRX or REC depending on the time and temperatures. In summary, an efficient mesh re-zoning algorithm and a generic microstructural algorithm for predicting microstructure has been developed and validated for a 16 stand multipass rolling.
